Wnt signaling pathways are essential in various developmental processes including differentiation, proliferation, cell migration, and cell polarity. Wnt proteins execute their multiple functions by activating distinct intracellular signaling cascades, although the mechanisms underlying this activation are not fully understood. We identified a novel Daple-like protein in Xenopus and named it xDal (Xenopus Daplelike). As with Daple, xDal contains several leucine zipper-like regions (LZLs) and a putative PDZ domain-binding motif, and can interact directly with the dishevelled protein. In contrast to mDaple, injection of xDal mRNA into the dorso-vegetal blastomere does not induce ventralization and acted synergistically with xdsh in secondary axis induction. XDal also induced expression of siamois and xnr-3, suggesting that XDal functions as a positive regulator of the Wnt/b-catenin pathway. Injection of xDal mRNA into the dorso-animal blastomere, however, induced gastrulation-defective phenotypes in a dose-dependent manner. In addition, xDal inhibited activin-induced elongation of animal caps and enhanced c-jun phosphorylation. Based on these findings, xDal is also thought to function in the Wnt/JNK pathway. Moreover, functional domain analysis with several deletion mutants indicated that xDal requires both a putative PDZ domain-binding motif and at least one LZL for its activity. These findings with xDal will provide new information on the Wnt signaling pathways. q
Introduction
The Wnt proteins constitute a large family of extracellular signaling molecules that play central roles in animal development (Cadigan and Nusse, 1997; Peifer and Polakis, 2000; Veeman et al., 2003) . Functional analysis of Xenopus suggests that the Wnt family can be divided into two distinct groups (Peifer and McEwen, 2003) . The first group includes Wnt1, Wnt8, Wnt8b, and Wnt3a, and induces a secondary axis when ectopically expressed in embryos (Du et al., 1995) . These Wnts activate the 'canonical' (Wnt/b-catenin) pathway that regulates cell fate and proliferation (Wodarz and Nusse, 1998; Miller et al., 1999) . The second group of Wnts includes Wnt4, Wnt5a, and Wnt11, and does not elicit axis duplication. This second group of molecules activates the non-canonical Wnt pathway that controls cell polarity and movement Kuhl, 2002; Tada et al., 2002) . The non-canonical pathway branches into two signaling cascades: the Wnt/JNK pathway (also called the planer cell polarity (PCP) pathway; Adler, 2002; Wallingford et al., 2002) ; and the Wnt/Ca 2C pathway (Kuhl et al., 2000a,b) .
Wnt signaling is mediated through the seven-transmembrane Wnt receptor, Frizzled (Vinson et al., 1989; Bhanot et al., 1996) , which transmits the signal downstream via a cytoplasmic protein, dishevelled (dsh/Dvl) to activate Mechanisms of Development 122 (2005) both the Wnt/b-catenin pathway and Wnt/JNK pathway (Boutros and Mlodzik, 1999; Wharton Jr., 2003) . In the Wnt/b-catenin pathway, dsh/Dvl links Wnt/Frizzled engagement to the inactivation and degradation of a cytoplasmic protein complex consisting of GSK-3b, APC, Axin, CK1a, and PP2A, which phosphorylates b-catenin (He et al., 1995; Rubinfeld et al., 1996; Behrens et al., 1998; Ikeda et al., 1998; Kishida et al., 1998; Hart et al., 1999; Li et al., 1999; Farr et al., 2000; Xing et al., 2003) , leading to the polyubiquitination and degradation of the complex by the 26S proteasome (Aberle et al., 1997; Kitagawa et al., 1999; Winston et al., 1999) . Binding of Wnt to Frizzled leads to the accumulation, nuclear translocation, and interaction of b-catenin with the Tcf/Lef family of transcription factors; b-catenin therefore functions as a coactivator of transcription of Wnt-responsive genes (Behrens et al., 1996; Kuhl and Wedlich, 1997; Brantjes et al., 2002) . In Xenopus embryogenesis, Wnt/b-catenin signaling is essential in dorsal axis formation by inducing organizer genes including Xnr-3 and siamois on the prospective dorsal side of embryos (Lemaire et al., 1995; Brannon et al., 1997; McKendry et al., 1997; Moon et al., 1997; Sokol, 1999; De Robertis et al., 2000) . In the Wnt/JNK pathway, dsh/Dvl links Wnt/Frizzled engagement to the activation of RhoA through an interaction with Daam1, and to the activation of Rac through a Daam1-independent pathway (Habas et al., 2001 (Habas et al., , 2003 . RhoA activates Rho kinase (Rock), while Rac modulates phosphorylation of c-jun via the activation of JNK (Winter et al., 2001; Marlow et al., 2002; Yamanaka et al., 2002; Tahinci et al., 2003) . In Xenopus embryogenesis, the Wnt/JNK pathway regulates the polarity of trunk mesodermal and neural ectodermal cells, which leads to the convergent extension movement by which dorsal cells intercalate in a mediolateral direction to produce the pronounced anterior-posterior elongation, which in turn results in the morphogenetic movement of gastrulation (Deadroff et al., 1998; Djiane et al., 2000; Keller et al., 2000; Medina et al., 2000; Tada et al., 2000; Wallingford et al., 2000) . Several proteins can physically interact with dsh/Dvl, including xELL, GBP, Strabimus, and Prickle (Li et al., 1999; Darken et al., 2002; Goto and Keller, 2002; Park and Moon, 2002; Takeuchi et al., 2003; Tree et al., 2002; Sakurai et al., 2004) . Some of these proteins including Idax, Dapper, Nkd, Par1, and CK13 are involved in the regulation of both the Wnt/b-catenin pathway and the Wnt/JNK pathway. Dapper inhibits both pathways (Cheyette et al., 2002) , whereas Idax and Nkd negatively regulate the Wnt/ b-catenin pathway but activate the Wnt/JNK pathway (Hino et al., 2001; Rousset et al., 2001; Yan et al., 2001; Michiue et al., 2004) . Also, CK13 and Par1 are positive regulators of the Wnt/b-catenin pathway and inhibitors of the Wnt/JNK pathway (Peters et al., 1999; Sakanaka et al., 1999; McKay et al., 2001a,b; Sun et al., 2001) .
In this study, we identified a novel Daple-like gene, xDal. Daple (Dvl-associating protein with a high frequency of leucine residues) was originally isolated from a mouse cDNA library. Mouse Daple (mDaple) contains many leucine-heptad repeats and a putative PDZ domain-binding motif, which may be involved in the interaction with dsh/Dvl. To investigate the function of Daple in early embryogenesis, we attempted to isolate the Xenopus homolog of mDaple. Our results suggest that xDal physically interacts with xdsh and activates Wnt/b-catenin signaling. xDal is also likely to be involved in Wnt/JNK signaling through dsh/Dvl. xDal differs markedly from previously characterized dishevelled-associating proteins in that it activates both Wnt/b-catenin signaling and Wnt/JNK signaling.
Results

Cloning of the Xenopus Daple-like (xDal) gene
Mouse Daple was isolated from a mouse brain cDNA library by yeast-two-hybrid screening. It interacts with dishevelled (below called dsh) and functions as a negative regulator of the Wntb-catenin signaling pathway (Oshita et al., 2003) . However, its role in early embryogenesis remains unclear. To understand the role of Daple in the early development of vertebrate embryos in vivo, we attempted to identify the Daple gene in Xenopus. An initial search of the Xenopus EST database for a sequence homologous to mDaple revealed one Xenopus EST clone (w0.3 kb; XL089c08) with homology to the C-terminal region, which contains a PDZ domain-binding motif (Fig. 1A , black line). Next, we screened a stage-10 Xenopus cDNA library using the EST clone fragment as a probe and isolated several clones. The longest clone, which contained a 5.5-kb cDNA insert, encoded approximately 1000 amino acid residues of the C-terminal half of an open reading frame, but the first ATG codon was not found (Fig. 1A, gray line) . To identify the N-terminal half, we used the primer for the sequence closest to the 5 0 end of the C-terminal end of the clone to construct a Xenopus stage-42 cDNA library. Subsequent screening of this library isolated several positive clones. Combining the longest clone (Fig. 1A , white line) with the previously isolated clone corresponding to the C-terminal region (Fig. 1A , gray line) allowed us to identify a long coding sequence containing the first ATG codon. This open reading frame encoded a protein of 2058 amino acids, with 51% amino acid identity to mDaple (Fig. 1B) . As with mDaple, the Xenopus protein was rich in leucine residues; approximately 14% of the 8-1345 region of this protein were leucine residues, as opposed to approximately 16% in the 8-1344 region of mDaple. This leucine-rich region of the isolated protein contained nine leucine-heptad repeats each of which contained at least four leucines in every seven residues, whereas mDaple had 12 leucine-heptad repeats, three of which contained at least six leucines (called LZL (leucine-zipper like region); Fig. 1A,B) . Moreover, 12 amino acids in the C-terminal region that contained a putative PDZ domain-binding motif were identical to those of mDaple (Fig. 1B) . We therefore named this protein xDal (Xenopus Daple-like protein) and used it to investigate the function of the xDal gene.
xDal physically interacts with dishevelled
It was recently shown that mDaple directly interacts with Dvl protein via a PDZ-binding motif (Ohshita et al., 2003) . Sequence analysis revealed that xDal contains a similar PDZ-binding motif. We therefore tested whether xDal could interact directly with xdsh via this motif. To do this, we constructed plasmids encoding full-length EGFP-xdsh or myc-xDal fusion protein. The myc-xDal protein was successfully expressed as a single major product ( Fig. 2A) with an estimated molecular weight of more than 160 kDa, which is consistent with the predicted value (about 200 kDa). The expression level of xDal was comparable with that of mDaple. Subsequent immunoprecipitation experiments revealed an interaction between myc-xDal and EGFP-xdsh (Fig. 2B, lane 3) . To explore this interaction in more detail, we constructed a further series of plasmids encoding partially deleted xDal proteins (Fig. 1C) . Immunoprecipitation analysis with these constructs indicated that myc-xDal #(1152-2058) and myc-xDal #(D1301-1559) also interacted with EGFP-xdsh, whereas xDal #(1-431) showed no association with EGFP-xdsh (Fig. 2B, lanes 4 , 5, 7). Myc-xDal #(1-2054), which lacked the PDZ-binding domain, also showed no interaction with EGFP-xdsh (Fig. 2B, lane 6) . Together, these results indicated that the xDal protein could physically interact with xdsh via the PDZ-binding motif.
Spatial and temporal expression of the xDal gene
We performed RT-PCR with cDNA derived from Xenopus embryos at multiple developmental stages to determine the temporal pattern of xDal gene expression. XDal transcripts were present at every stage of development, with a gradual increase in expression from the twoday tadpole stage onward (Fig. 3A) . The spatial pattern of xDal gene expression was then investigated by wholemount in situ hybridization with a Dig-labeled RNA probe for xDal. At the gastrula stage, xDal expression appeared to be slightly stronger in the dorsal region than in the ventral region, but its level remained weak (Fig. 3B,C) . At the neurula stage, xDal was clearly expressed in the neural plate; this expression gradually decreased in the posterior region (Fig. 3D) . xDal was strongly expressed in the restricted part of the anterior neural tissue, probably the presumptive mesencephalic region (Fig. 3H) , whereas expression was completely lost in the most anterior part of the neural plate that would be differentiated into forebrain (Fig. 3H) . At the tailbud stage, xDal was expressed in somatic cells and in part of the tail (Fig. 3F,G) . Strong expression of xDal was also strongly apparent in the restricted sets of cells in the head region including eye vesicles, otic vesicles, olfactory placode and the pharyngeal cavity (Fig. 3I) .
XDal activates the Wnt/b-catenin pathway
As described above, mDaple plays an inhibitory role in the canonical Wnt pathway (Ohshita et al., 2003) . We next performed injection experiments to examine whether xDal has a similar function. When 400 ng of mDaple was injected into the dorsal marginal zone (DMZ) at the four-cell stage, head defect could be seen due to inhibition of canonical Wnt signaling (Fig. 4C,E) . Contrary to our expectation, however, dorsal injection of xDal did not effectively cause the head defect (Fig. 4D,E) . Ventral overexpression of positive regulators of the Wnt/b-catenin pathway can induce an ectopic axis in Xenopus (Sokol et al., 1991; Smith and Harland, 1991; Christian et al., 1991) . Therefore, to investigate the ability of xDal to induce secondary axes, we next injected xDal mRNA into a ventral blastomere at the four-cell stage. When 1 ng of xDal mRNA was injected, an obvious phenotype was not induced, although weak axis-like structures were occasionally induced (!20%; Fig. 4F ). Complete secondary axes with head structure were never seen. Injection of 1 ng of mDaple into the ventral side of the embryo did not induce the ectopic axis in any embryos (Fig. 4G ). To evaluate this axis-like structure, we immunostained the embryos using a muscle-specific antibody. In the axis-like structure induced by xDal injection, a weak segmental muscle pattern could be detected, suggesting that this structure was a true secondary axis, and not just a swelling due to the injection (Fig. 4H ). Since ectopic expression of a positive regulator in the Wnt/b-catenin pathway is known to induce expression of target genes such as siamois and Xnr-3 in animal caps (Brannon et al., 1997;  McKendry et al., 1997), we next investigated whether xDal induces expression of these genes. The animal pole region of embryos was injected with 1 ng of xDal mRNA, and after dissection and culturing until stage 9.5, the animal caps were harvested for RT-PCR analysis. An increase in both siamois Nieukoop and Faber (1967) . XDal was expressed maternally, and its expression began to increase at the two-day tadpole stage. UF, unfertilized egg; ODC, ornithine decalboxyrase. RT ( and Xnr-3 gene expression was observed to a similar degree as that seen with injection of xdsh mRNA (Fig. 4I) . Together, these results implicate xDal as a positive regulator in canonical Wnt signaling.
xDal acts synergistically with dishevelled to activate the canonical Wnt pathway
The results thus far show that xDal can induce secondary axis formation and target gene expression. To further examine the positive role of xDal in canonical signaling and, at the same time, to indicate the functional difference between xDal and mDaple, we carried out a co-injection analysis with xdsh mRNA. First, we examined xdal activity for synergistic, xdsh-dependent secondary axis induction. When a low dose of xdsh (50 pg) was injected into the ventral marginal zone (VMZ), secondary axis was not induced (Fig. 5A) . Similarly, VMZ injection with 500 pg of xDal mRNA also showed no ectopic axis formation (Fig. 5B) . However, when xDal and xdsh were co-injected, secondary axes were synergistically induced (Fig. 5C ), although no head structures were detected in any case (Fig. 5B,C) . Conversely, co-injection of xdsh with mDaple could not induce secondary axis (Fig. 5D ). When 250 pg of xDal mRNA was co-injected with xdsh mRNA, the frequency of induction of a secondary axis rose to about 30%, and this value increased to 50% when the xdsh mRNA was co-injected with 500 pg of xDal mRNA (Fig. 5E ). RT-PCR on animal caps was then performed to test for upregulation of the target gene expression. When 50 pg of xdsh was injected, siamois expression was not induced, whereas co-injection of xdsh with xDal increased the siamois expression (Fig. 5F, 1st column, lanes 2-4) . In contrast, when 500 pg of mDaple was co-injected with xdsh, siamois expression was not induced (Fig. 5F , 1st column, lanes 2 and 5). Co-injection of xDal mRNA with xdsh mRNA also increased the expression of Xnr-3 (Fig. 5F, 2nd column, lanes 2-4), whereas co-injection of mDaple into the ventral blastomere were immunostained with a muscle-specific antibody (12/101). Ectopic axis (large arrowhead) and a segmental pattern (small arrow) were seen. (I) Animal caps were excised from embryos injected with xdsh mRNA (500 pg; lane 2), mdaple mRNA (400 pg; lane 3, 200 pg; lane 4) or xDal mRNA (1 ng; lane 5, 500 pg; lane 6). The explants were cultured until control sibling embryos reached stage 9.5, and total RNA was isolated from explants for RT-PCR analysis. Ectopic expression of xdsh or xDal, but not mDaple, induced expression of both siamois and Xnr-3. On the other hand, co-injection with xdsh and xDal synergistically induced siamois expression. Xnr-3 expression was enhanced by xDal, but mDaple inhibited it. (G-K) xDal showed no inhibitory activity for xdsh. When a high dose of xdsh (500 pg) was injected into a ventral blastomere, complete secondary axis was induced (G). Co-injection with mDaple inhibited this ectopic axis formation (H). Conversely, co-injection with xDal retained secondary axis formation (I, J). This result was indicated by the graph. The filled bars indicate the percentages of complete secondary axis formation containing the head structure. (L) XDal and mDaple effects for embryos injected with high doses of xdsh were examined by RT-PCR. Injection with 500 pg of xdsh effectively induced expression of both siamois and Xnr-3 (lane 2). Co-injection with 250 pg of mDaple inhibited expression of both siamosis and Xnr-3 (lane 3), but xDal, even 500 pg, did not inhibit expression of these genes (lanes 4 and 5).
inhibited the dsh-dependent induction of Xnr-3 expression (Fig. 5F, 2nd column, lane 5) .
Next, we observed the effect of xDal with high doses of xdsh. When 500 pg of xdsh was injected into the VMZ, complete secondary axis was induced (Fig. 5G) . However, co-injection with xdsh and 250 pg of mDaple inhibited axis formation (Fig. 5H,K) , although co-injection with xDal had no additional effect on secondary axis formation (Fig. 5I-K) . In fact, the head structure of the secondary axis was more defined in the embryo co-injected with xDal than in those injected with xdsh alone (Fig. 5J) . Moreover, RT-PCR analysis showed that mDaple, but not xDal, inhibited the expression of siamois and Xnr-3 induced by injection of dsh (Fig. 5L) . These results suggested that xDal is able to upregulate canonical Wnt signaling. In addition, these data strongly suggest that xDal and mDaple play different roles in canonical Wnt signaling.
Endogenous function of xDal in early embryogenesis
Our results suggested that xDal plays a positive role in the canonical Wnt pathway. To further explore the in vivo function of xDal in signaling, we injected a morpholino antisense oligonucleotide for xDal (xDalMO) into embryos. Initially, we tested whether xDalMO was effective in inhibiting the translation of xDal protein by western blotting. Embryos injected with xDal(UTR-1293)-myc mRNA were positive for the myc-tagged truncated xDal protein, while injection of xDalMO blocked the translation of myc-xDal protein (Fig. 6A,  lanes 2-5) . Co-injection of myc-xDal, which did not include the sequence matching the xDalMO, with xDalMO did not suppress the translation of myc-xDal protein (Fig. 6A, lanes 7 and 8) . These embryos were harvested at stage 12, and western blot analysis was performed with an anti-myc antibody (column 1). Anti-a-tubulin antibody (column 2) was also used as a quantitative control. When 20 ng of xDalMO was co-injected with xDal (UTR-1293)-myc, xDal translation was effectively suppressed (lanes 2-5). In contrast, xDalMO did not inhibit myc-xDal, which contains no sequence for xDalMO (lanes 6 and 7). (B, C) Superficial phenotypes of the embryos injected with xDalMO (B) or xDalMO and 500 pg of xDal mRNA (C) into dorsal blastomeres of four-cell embryos. When xdalMO was injected, short axis and weak head defect was observed (B). Co-injection with xDal mRNA completely rescued both phenotypes (C). (D-F) xDalMO inhibited xdsh-induced secondary axis formation. Xdsh (500 pg, D), xdsh and xDalMO (500 pg and 20 ng, E; 500 pg and 40 ng, F) were injected into a ventro-vegetal portion of the embryo. When xDalMO was co-injected, secondary axis formation by xdsh was almost completely suppressed (F). Next, we examined the effects of xDalMO injection on embryos. When 40 ng of xDalMO was injected into the DMZ, injected embryos showed a short axis. Head defect was also seen, although this phenotype was weak (Fig. 6B) . Both phenotypes were suppressed by co-injection with 500 pg of xDal mRNA (Fig. 6C) . These data implicated xDal to function endogenously in both Wnt/b-cat signaling and PCP signaling. Ventral injection of xDalMO did not cause an obvious phenotype (data not shown). Next, we examined the effects of xDalMO injection on secondary axis formation. Xdsh injection into the ventro-vegetal blastomere of eight-cell embryos can induce secondary axis (Sokol et al., 1995;  Fig. 6D ). When xDalMO was coinjected with xdsh, secondary axis formation was disrupted in a dose-dependent manner (Fig. 6D-F) . This result suggests that endogenous xDal activity is required for secondary axis formation induced by xdsh. In contrast, xDalMO had no effect on secondary axis formation that was induced by injection with b-catenin ( Fig. 6G-I ). This epistatic analysis suggested that xDal functions upstream of b-catenin in the Wnt pathway.
XDal activates JNK signaling
As described above, xDal mRNA plays a positive role in the canonical Wnt pathway. However, when full-length xDal mRNA was injected into the dorso-animal region of four-cell embryos, irregular neural tube closure was seen at stage 20 (Fig. 7A,C) , and at the 3-day tadpole stage the injected embryos exhibited severe dorsal flexure and significant shortening of axes compared to controls (Fig. 7B,D) . This axis defect was induced in a dosedependent manner (Fig. 7G) . Dorsal injection of mDaple mRNA yielded a similar phenotype (Oshita et al., 2003 ; Fig. 7E ), which also resembled the phenotype caused by gain-of-function and loss-of-function of PCP genes such as xWnt11, xfrizzled7, and Strabismus. We therefore suspected that this axis defect phenotype might be attributable to a defect in gastrulation movement ( Fig. 7F ; Djian et al., 2000; Tada and Smith, 2000; Darken et al., 2002; Goto and Keller, 2002; Park and Moon, 2002) . To confirm that gastrulationdefective phenotypes can result from a convergent-extension movement defect, we performed an animal cap elongation assay with activin. When animal cap explants were exposed to 5 ng/ml of activin, dorsal mesoderm was induced, and the explants were dramatically elongated (Asashima et al., 1990 ; Fig. 7H,I ). However, injection of xDal mRNA blocked the animal cap elongation induced by activin (Fig. 7I,J) . Since injection of PCP related-genes is known to inhibit elongation induced by activin without preventing mesodermal induction, we used RT-PCR to analyze the effect of xDal on the expression of early mesodermal marker genes. Animal caps from embryos injected with xDal mRNA at the two-cell stage were incubated with activin at stage 8.5, and after harvesting at the neurula stage, were subjected to RT-PCR analysis. xDal mRNA injection did not alter the expression of goosecoid and chordin (dorsal mesodermal markers), xWnt8 (ventral mesodermal marker), or brachyury (pan-mesodermal marker) (Fig. 7K) , suggesting that xDal did not affect mesoderm formation, at least not at the level of marker gene expression.
Since some components of the PCP pathway are known to modulate phosphorylation of c-jun through regulation of JNK activity (Dong et al., 1996; Minden and Karin, 1997; Boutros et al., 1998; Djiane et al., 2000; Sokol et al., 2000) , we also measured the level of c-jun phosphorylation in xDal-injected embryos. C-jun mRNA and xDal mRNA were co-injected into two-cell embryos, and the phosphorylation level of c-jun was assessed by western blotting using anti-phosphorylated-c-jun and anti-c-jun antibodies. Overexpression of xDal increased the level of c-jun phosphorylation similarly to that caused by the overexpression of xFrizzled7 (Fig. 7L) . This result suggested that xDal positively regulates the Wnt/JNK pathway.
Functional regions of xDal
XDal contains three LZLs in the 1080-1345 amino acid region and a putative PDZ domain-binding motif in the C-terminal region (Fig. 1A,B) . To identify the functional motifs of xDal, we constructed a series of deletion mutants of xDal (Fig. 1C) and injected the mutant xDal mRNAs into a ventral blastomere or two dorsal blastomeres of eight-cell embryos. Ventral injection of 1 ng of xDal FL mRNA induced axis-like structures, while dorsal injection caused a gastrulation-defective phenotype (Fig. 8A,B) . Injection of the N-terminal half of xDal (1-1151) mRNA neither did not alter the phenotype (Fig. 8C,D) , nor did injection of the longer N-terminal region mRNA containing all three LZLs (1-1601; Fig. 8E,F) . When (1-2054) mRNA, which lacks only the putative PDZ domain-binding motif, was injected, no ectopic axis formation or axis defects were observed (Fig. 8G,H) . These results suggested that the putative PDZ domain-binding motif was necessary for induction of the phenotype caused by xDal overexpression. Next, we injected several xDal constructs that encoded a protein lacking the N-terminus. When (1152-2058) mRNA was injected, phenotypes similar to those caused by injection of FL mRNA were observed (Fig. 8I,J) . A shorter form (1230-2058), which contains just one LZL, retained xDal activity (Fig. 8K,L) , whereas constructs that did not contain any LZLs showed no xDal activity (1347-2058, Fig. 8M,N ; 1425 -2058 1639 -2058 Fig. 8Q,R) . These results suggested that at least one LZL is necessary for xDal activity. Mutant mRNAs (D772-1261) and (D1301-1559), in which one or two LZL regions had been deleted, also retained xDal activity (Fig. 6S-V) , but (D1015-1559) mRNA, which lacked all LZLs but contained the N-and C-terminal regions, lost xDal activity (Fig. 8W,X) . These results suggested that both the putative PDZ domainbinding domains and at least one LZL are required for xDal function in both the Wnt/b-catenin and PCP pathways.
Discussion
Is XDal a Xenopus homolog of mDaple?
In this study we isolated xDal from Xenopus embryos by using a Xenopus EST clone homologous with the C-terminal region of mDaple. Sequence analysis revealed the amino acid sequence of xDal to be 51% identical to that of mDaple. As for mDaple, the N-terminal half of xDal is rich in leucine residues and contains many leucine-heptad repeats. Twelve amino acid residues at the C-terminus of xDal including the putative PDZ domain-binding motif, are also identical to those of mDaple. Thus, the structure of xDal is similar to that of mDaple. The function of xDal, however, is different from that of mDaple. mDaple is a negative regulator of the Wnt/b-catenin pathway, whereas our results indicate that xDal plays a positive role. Although mDaple and xDal may constitute a family structurally, xDal may not be a functional ortholog of mDaple. Although we have not found the ortholog for mDaple in the sequence database, it may exist in the Daple family in Xenopus.
We showed by immunoprecipitation that xDal could physically interact with xdsh. Conversely, the xDal #(1-2054) deletion mutant lacking only the PDZ-binding motif could not bind with xdsh. In addition, we showed that this xDal mutant #(1-2054) could no longer induce secondary axes. The PDZ domain-binding motif of mDaple is necessary for mDaple to interact with the PDZ domain of Dvl and form a functional complex (Oshita et al., 2003) . Our results indicate that xDal and xdsh require a similar association to function.
In situ hybridization analysis indicated that xDal was expressed in a restricted region in the neural plate, and more intensely in the anterior neural plate. Moreover, xdal expression was not seen in the anterior region. This expression pattern is consistent with the active region of canonical Wnt signaling. Thus, these results support the positive role of xDal in the canonical pathway.
XDal and the Wnt/b-catenin pathway
We previously showed that injection of mDaple into dorsal blastomeres caused loss of head structure due to inhibition of early canonical Wnt signaling (Ohshita et al., 2003) . However, dorsal injection with xDal did not cause any head defect (Fig. 4C,D) . In contrast, when xDal mRNA was injected into the ventral blastomere of Xenopus embryos, partial secondary axes were occasionally induced. In addition, xDal induced the expression of direct Wnt target genes, such as siamois and Xnr-3. Together, these results indicate that xDal functions in an opposite manner to mDaple and that xDal plays a positive role in the canonical Wnt pathway. However, xDal mRNA was not effective in inducing ectopic axis, indicating that xDal activity alone is not sufficient for complete secondary axis induction, and suggesting that other factors including xdsh are required for xDal function.
The finding that xDal acts as a positive regulator in the canonical Wnt pathway was further supported by two sets of experiments: (1) secondary axis was synergistically induced by co-expression of xDal and xdsh, and this same effect was not seen with mDaple, and (2) RT-PCR was used to show that xDal, but not mDaple, upregulated the expression of Wnt target genes.
Why is there a functional reversal between xDal and mDaple? The C-terminal half of xDal is less homologous with mDaple than the N-terminal half; the 1-1423 region of xDal is 64.1% identical to the 1-1422 region of mDaple, whereas the 1424-2058 region is only 37.6% identical to the 1423-2009 region of mDaple. Since the C-terminal half of xDal is necessary for its activity, the reversed functional roles of the two proteins in Wnt/b-catenin signaling might be attributable to the non-homologous sequences in the C-terminal half of mDaple and xDal. The critical functional motifs in xDal need to be identified and compared to those in mDaple to understand their different roles in Wnt signaling. In addition, xDal contains three LZLs, each of which contains at least six leucines. Another xDal deletion mutant, which lacks all LZLs, did not induce secondary axes. The leucinezipper motif is often used for protein-protein interactions (Baxevanis and Vinson, 1993) , and mDaple is known to form hetero-or homo-dimers (Oshita et al., 2003) . Therefore, xDal may also form complexes through its leucine-zipper motif, making these motifs necessary for xDal to function. Dapper is known to contain a leucine zipper-like region and PDZ domain-binding motif. Dapper can bind to Dvl and stabilize the b-catenin degradation complex, which results in a decrease in soluble b-catenin and decreased activation of b-catenin-responsive genes (Cheyette et al., 2002) . Interaction of xDal with xdsh and other proteins might therefore lead to destabilization of the b-catenin degradation complex or prevention of phosphorylation of b-catenin by CK1a or GSK3b, leading to accumulation of b-catenin and activation of Wnt-responsive gene transcription.
XDal and the PCP pathway
Dorsal injection of xDal mRNA induced a phenotype that strongly resembled those induced by injection of Dvl, Frizzled-7, Frizzled-8, CK1 and Wnt11 mRNA, suggesting that these genes may act via a common pathway (Sokol, 1999; Deadorff et al., 1998; Djian et al., 2000; Tada and Smith, 2000; McKay et al., 2001b) . XDal also prevented activin-induced elongation of animal caps without affecting expression of mesodermal marker genes. These results suggested that neither the gastrulation-defective phenotype nor inhibition of animal cap elongation were attributable to changes in cell specification, but rather to defects in cell movement. Deletion of the putative PDZ domain-binding motif from xDal abrogated its activity, indicating that xDal might interact with xdsh in the same way as other PCP genes, such as Idax, Dapper, and Strabismus (Hino et al., 2001; Cheyette et al., 2002; Daeken et al., 2002; Goto and Keller, 2002; Park and Moon, 2002; Michiue et al., 2004) . Furthermore, xDal enhanced the phosporylation level of c-jun, suggesting that xDal might activate JNK via dishevelled. JNK has been implicated in the Wnt/JNK pathway (Boutros et al., 1998; Yamanaka et al., 2002) , however, it remains unknown how Dvl activates the JNK pathway (Moriguchi et al., 1999) . XDal may activate JNK through the translocation of Dvl to the cell membrane and the subsequent recruitment of other proteins, such as GEF and Rac.
Endogenous function of xDal in Xenopus embryos
Overexpression of xDal had a positive effect on Wnt signaling in Xenopus development. To determine the in vivo roles of xDal in Xenopus development, we carried out a lossof-function study using xDalMO. Injection of xDalMO into dorsal blastomeres of four-cell stage embryos caused shortaxis and small-head phenotypes. From these results, xDal was proposed to be involved in both canonical signaling and PCP signaling, whereby the short-axis phenotype might be due to disturbance of PCP signaling, and the head defect to an inhibition of canonical Wnt signaling. Indeed, xDalMO was able to inhibit the xdsh-induced secondary axis formation (Fig. 5D-F) , implicating xDal as a positive regulator early in the canonical Wnt pathway. Conversely, xDalMO could not inhibit ectopic axis formation induced by b-catenin (Fig. 5G-I ). This result suggests that xDal functions upstream of b-catenin, further supporting our evidence that xDal can directly interact with xdsh.
The injection of xDalMO did cause several defects, although none were severe. Moreover, xDalMO did not effectively inhibit dsh-induced siamois expression (data not shown). This may be because Xenopus possesses other closely related genes such as xDal and xDal. Therefore, even if the function of xDal was blocked by the xDalMO, these related genes could compensate. Alternatively or in addition, there may be other factors required for the activity of xDal in signaling. Further investigation is necessary to confirm the in vivo roles of xDal.
Many dishevelled-interacting proteins have been identified. Some regulate both the Wnt/b-catenin pathway and the Wnt/JNK pathway, while others act in one pathway only. XDal is unique among known dishevelled-associated proteins in being a positive regulator of both pathways. The interactions between the dishevelled-associated proteins remain to be unraveled. Further exploration of xDal function including identification of the interactions of xDal with other dishevelled partners, may provide important insights into the modulation of dishevelled function in animal development.
Experimental procedures
Isolation of xDal cDNA
The BLAST algorithm was used to search the Xenopus EST database (NCBI, http://www.ncbi.nlm.nih.gov) for a mDaple cDNA sequence, and the C-terminal partial cDNA clone XL089c08 was identified. The cDNA clone was obtained by PCR and labeled with random primers and [a-32 P] dCTP, and then used to screen a lZap Xenopus stage-10 cDNA library. A clone containing cDNA sequence corresponding to the C-terminal half of xDal was isolated. The N-terminal half of xDal was obtained by screening a lZap Xenopus stage-42 specific cDNA library constructed by using the primer for the sequence closest to the 5 0 end of the clone that was isolated from the stage-10 cDNA library. Full-length xDal cDNA was obtained by standard recombinant DNA techniques for the N-terminal and C-terminal half of xDal cDNA.
Plasmids, RNA synthesis, morpholinos, and microinjection
Standard recombinant DNA techniques were used to construct the following plasmids. Some plasmid constructs were obtained by digesting the original plasmids with restriction enzymes and inserting the fragments into the vectors. Other constructs were produced by inserting the fragment generated with Pyrobest DNA Polymerase (Takara) into the vectors. The PCR products were sequenced and the structure of all plasmids was confirmed by restriction-enzyme analysis. Capped mRNAs were synthesized with the mMessage mMachine kit (Ambion). Morpholino antisense oligo, XdalMO (5 0 -CTGTTGGGA-AATGGTAGTATCCATG-3 0 ), was purchased from GENE Tool (COMPANY, COUNTRY).
Xenopus eggs were fertilized in vitro, and capped mRNA was then microinjected into the animal pole or marginal zone of two or four-cell stage embryos. After injection, the embryos were cultured in 5% Ficoll/1! Steinberg's solution until stage 8, and then in 0.1! Steinberg's solution until the appropriate stage for each experiment. 
RT-PCR
Immunohistochemistry
Embryos were fixed with MEMFA at 4 8C overnight and dehydrated through a series of ethanol. After rehydration, embryos were immunostained with a muscle-specific antibody (12/101; Kintner and Brockes, 1985) and an alkaline phosphatase-conjugated goat anti-mouse IgG secondary antibody (Santa Cruz). Antibody binding was visualized using the BCIP-NBT color reaction (Roche).
Immunoprecipitation analysis
Ten injected embryos were harvested at stage 12, homogenized, and extracted in a lysis buffer containing 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 5 mM EDTA, and 0.1% CHAPS. The lysate was incubated with protein G sepharose-bound anti-myc antibody (Santa Cruz) at 4 8C for 2 h before applying to an Ultrafree-MC column (Amicon). After spinning and washing with lysis buffer five times, the immunoprecipitated sample was eluted with 1! SDS-PAGE sampling buffer. Western blot analysis was performed with anti-GFP antibody (Santa Cruz).
Whole-mount in situ hybridization
Whole-mount in situ RNA hybridization was performed by using a digoxigenin-labeled RNA probe and alkaline phosphatase substrate (NBT/BCIP) (Roche) according to Harland (1991) .
Elongation assay with Xenopus animal caps
For the animal cap explants, mRNA was injected into the animal pole of two-cell embryos, and the animal caps were manually dissected from stage-8.5 embryos. The explants were cultured in 0.1% BSA/1! Steinberg's solution including 5 ng/ml activin until sibling embryos reached stage 17.
c-jun phosphorylation assay
Appropriate mRNA together with c-jun mRNA (200 pg) was injected into two-cell embryos. These embryos were disrupted by sonicating in 1! PBS, before the addition of 2! sample buffer for SDS-PAGE. The samples were boiled and fractionated by SDS-PAGE. Western blotting was performed using an anti-c-jun antibody (Santa Cruz, sc-45) and anti-phospho-c-jun (Santa Cruz, sc-16312-R) antibody.
